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ABSTRACT
Context. Sulphur has long been known to form different molecules depending on the chemical composition of its environment.
More recently, the sulphur-bearing molecules SO and H2S have been shown to behave differently in oxygen-rich AGB circumstellar
envelopes of different densities.
Aims. By surveying a diverse sample of AGB stars for CS and SiS emission, we aim to determine in which environments these
sulphur-bearing molecules most readily occur. We include sources with a range of mass-loss rates and carbon-rich, oxygen-rich, and
mixed S-type chemistries. Where these molecules are detected, we aim to determine their CS and SiS abundances.
Methods. We surveyed 20 AGB stars of different chemical types using the APEX telescope, and combined this with an IRAM 30 m
and APEX survey of CS and SiS emission towards over 30 S-type stars. For those stars with detections, we performed radiative
transfer modelling to determine abundances and abundance distributions.
Results. We detect CS towards all the surveyed carbon stars, some S-type stars, and the highest mass-loss rate oxygen-rich stars
(M˙ ≥ 5 × 10−6 M yr−1). SiS is detected towards the highest mass-loss rate sources of all chemical types (M˙ ≥ 8 × 10−7 M yr−1).
We find CS peak fractional abundances ranging from ∼ 4 × 10−7 to ∼ 2 × 10−5 for the carbon stars, from ∼ 3 × 10−8 to ∼ 1 × 10−7 for
the oxygen-rich stars and from ∼ 1 × 10−7 to ∼ 8 × 10−6 for the S-type stars. We find SiS peak fractional abundances ranging from
∼ 9×10−6 to ∼ 2×10−5 for the carbon stars, from ∼ 5×10−7 to ∼ 2×10−6 for the oxygen-rich stars, and from ∼ 2×10−7 to ∼ 2×10−6
for the S-type stars.
Conclusions. Overall, we find that wind density plays an important role in determining the chemical composition of AGB CSEs. It
is seen that for oxygen-rich AGB stars both CS and SiS are detected only in the highest density circumstellar envelopes and their
abundances are generally lower than for carbon-rich AGB stars by around an order of magnitude. For carbon-rich and S-type stars
SiS was also only detected in the highest density circumstellar envelopes, while CS was detected consistently in all surveyed carbon
stars and sporadically among the S-type stars.
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1. Introduction
After leaving the main sequence and passing through the red gi-
ant branch, low- to intermediate-mass stars become asymptotic
giant branch (AGB) stars. These stars are characterised by in-
tense mass loss, ejecting matter in a stellar wind which forms a
circumstellar envelope (CSE) around the star (Höfner & Olofs-
son 2018). These CSEs are known to be rich in different molecu-
lar species and are also a site of dust formation (Habing & Olof-
sson 2003). The matter ejected in this manner contributes to the
chemical enrichment of the interstellar medium (ISM) and the
chemical evolution of galaxies (Herwig 2005).
The chemical characteristics of the CSE depend in large part
on the chemical type of the AGB star, classified based on the
photospheric carbon-to-oxygen ratio (C/O). Carbon-rich stars
and oxygen-rich (M-type) stars have larger proportions of carbon
and oxygen, respectively. S-type stars are believed to be interme-
diary transition objects with C/O ∼ 1. The CSEs of carbon stars
? Postdoctoral Fellow of the Fund for Scientific Research (FWO),
Flanders, Belgium
are known to contain a variety of carbon-bearing molecules (see
for example Olofsson et al. 1993; Cernicharo et al. 2000; Gong
et al. 2015), while the CSEs of oxygen-rich stars are typified by
the presence of a variety of oxygen-bearing molecules (see for
example Velilla Prieto et al. 2017). S-type stars display a mix-
ture of the more common oxygen- and carbon-bearing molecules
(Schöier et al. 2011; Danilovich et al. 2014). However, it is now
known that high or low C/O do not preclude the formation of
oxygen- or carbon-bearing molecules, respectively. For exam-
ple, H2O and SiO have been detected and found to have unex-
pectedly high abundances towards carbon stars (Schöier et al.
2006; Lombaert et al. 2016), while HCN has been detected to-
wards oxygen-rich stars (Schöier et al. 2013).
Sulphur is a relatively abundant element which forms molec-
ular bonds with both oxygen and carbon, among other species,
and is hence found in a variety of molecules in the CSEs of
AGB stars. For example, SO and SO2 are commonly found in the
CSEs of oxygen-rich AGB stars (Danilovich et al. 2016), while
CS has been found to be very abundant in carbon-rich AGB stars
(Olofsson et al. 1993). However, molecular abundances in AGB
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CSEs have been found to not only depend on the C/O of the CSE,
but also on other factors, such as the density of the stellar wind,
which is related to the mass-loss rate. For example, Danilovich
et al. (2016) found different radial distributions of SO for low
mass-loss rate AGB stars compared with higher mass-loss rate
AGB stars, indicating that SO was formed at larger radii in the
latter case. H2S, which contains neither carbon nor oxygen, is
preferentially detected in higher mass-loss rate oxygen-rich stars
(Danilovich et al. 2017) and, to date, has only been detected,
weakly, towards one carbon-rich AGB star, CW Leo (Cernicharo
et al. 1987; Omont et al. 1993; Cernicharo et al. 2000). Simi-
lar patterns of different molecular occurrences between high and
low mass-loss have also been seen for other molecules such as
SiO, which has been found to have higher abundances for lower
mass-loss rate AGB stars (González Delgado et al. 2003; Schöier
et al. 2006).
Previously, SiS was studied in a sample of oxygen-rich and
carbon-rich AGB stars by Schöier et al. (2007), in which they
generally find abundances of SiS in carbon-rich stars about an or-
der of magnitude higher than in oxygen-rich stars. This strongly
suggests that SiS is preferentially formed in carbon-rich CSEs.
Although their initial models were based on a Gaussian abun-
dance distribution profile, they find they needed to include a
‘core’ component with a higher abundance and a small radius
to properly fit their SiS observations. Decin et al. (2010) found
a similar result with a high-abundance inner component and a
lower-abundance outer component when modelling SiS for the
oxygen-rich star IK Tau.
Danilovich et al. (2015) observed the SiS (6 → 5) line con-
currently with the CO (1→ 0) line towards 29 AGB stars of var-
ious chemical types and mass-loss rates. They detected SiS to-
wards 12 of the sample stars with the general trend being that SiS
was only detected towards the higher mass-loss rate stars. Part of
our goal in this work is to confirm whether such a mass-loss rate
or density dependent trend exists for SiS. Lindqvist et al. (1988)
searched for both CS and SiS (among other molecules) in a sam-
ple of 31 oxygen-rich stars. They detected CS (2 → 1) in only
four sources and SiS (5 → 4) in only one source (TX Cam).
Bujarrabal et al. (1994) searched for CS (3 → 2) and (5 → 4),
and SiS (5 → 4) in a diverse sample of evolved stars. They de-
tected CS in six of the highest mass-loss rate oxygen-rich stars,
all three S-type stars and the majority of their carbon-rich stars.
They detect SiS in three nearby high mass-loss rate oxygen-rich
stars, five carbon stars, and none of the S-type stars.
Olofsson et al. (1993) surveyed a large sample of carbon-rich
stars for several molecules and derived photospheric SiS abun-
dances, and both circumstellar and photospheric CS abundances
for many of them. In general, they found that the circumstellar
abundances tended to be higher by factors of five to ten than the
photospheric abundances. In some cases they found circumstel-
lar CS abundances high enough to account for or exceed the total
amount of sulphur expected to be present based on the solar sul-
phur abundance (Asplund et al. 2009). They suggest this may
be due to under-predicting mass-loss rates, which affect the de-
rived abundances, or the effect of a simplified radiative transfer
analysis.
To properly constrain the occurrences of the most common
sulphur-bearing molecules in AGB CSEs, we performed a sur-
vey of 20 AGB stars, which covered all three chemical types and
a range of mass-loss rates (low mass-loss rates: ∼ 10−8 to a few
10−7 M yr−1, intermediate mass-loss rates: ∼ 10−6 M yr−1 and
higher mass-loss rates: up to a few 10−5 M yr−1). Our sample
does not include the highest mass-loss rate OH/IR stars, which
will be studied separately. We focussed our search on rotational
transitions of CS, SiS, SO, SO2 and H2S and carried out the sur-
vey using the Atacama Pathfinder Experiment (APEX1, Güsten
et al. 2006). The first results from this survey, for H2S, are pre-
sented in Danilovich et al. (2017). This survey was supplemented
with a smaller survey of 9 M-type AGB stars with the Onsala
20 m telescope (OSO), focussing on SO2, SO and SiS at low
frequencies. Additionally, a survey of CS and SiS towards 33
S-type stars has also been included in this study, with observa-
tions gathered from the IRAM 30 m telescope and APEX. In this
paper we focus on the detections of SiS and CS and perform ra-
diative transfer analyses to determine the abundances and abun-
dance distributions of these two molecules.
2. Sample and observations
2.1. APEX sulphur survey
We surveyed several rotational emission lines of sulphur-bearing
species in a chemically diverse sample of 20 AGB stars, in-
cluding seven M-type stars, five S-type stars and eight carbon
stars and covering mass-loss rates from ∼ 9 × 10−8 M yr−1
to ∼ 2 × 10−5 M yr−1. The first results from this survey have
already been presented in Danilovich et al. (2017) for H2S,
which also further describes the observing programme carried
out in March–April and August–December of 2016, using the
Swedish-ESO PI receiver (SEPIA Band 5, Billade et al. 2012;
Belitsky et al. 2018) for APEX (Güsten et al. 2006) and the
Swedish Heterodyne Facility Instrument (SHeFI, Belitsky et al.
2006; Vassilev et al. 2008). In this study we have focussed on
the SiS and CS observations obtained during this survey. SO and
SO2 results will be presented in future papers in this series.
The full sample of stars for which SiS and CS were surveyed
are listed in Table 1 along with the stars from the other obser-
vations discussed below. The lines that were included in the sur-
vey are listed in Table 2, as are other available lines from other
telescopes that we used to constrain our models. Table A.1 in-
cludes all the detected SiS lines and their integrated main beam
intensities and Table A.2 lists the rms noise at 1 km s−1 for each
observed SiS line, whether or not it was detected. The integrated
main beam intensities for the CS lines are listed in Table A.3, as
are the rms noise values for all observed lines.
2.2. S-star survey
A total of 33 S-type stars were surveyed in CS and SiS emis-
sion using two telescopes. The stars from this sample are listed
in the bottom part of Table 1. The CS (3 → 2) and (5 → 4)
line emission was observed at the IRAM 30 m telescope simul-
taneously with the HCN observations analysed in Schöier et al.
(2013). SiS (19→18) was observed at the APEX 12 m telescope
using the SHeFI receiver in August to October, 2012. SiS (5→4),
(6→5), (12→11), and (13→12) was observed at IRAM June 22–
24, 2013.
The IRAM 30m telescope observations were performed in
dual beamswitch mode using a beam throw of about 2′, while
at APEX position-switching was used with a reference position
at +3′. The pointing was checked regularly using strong CO and
continuum sources and found to be consistent within ≈3′′ of the
respective telescope pointing model.
1 This publication is based on data acquired with the Atacama
Pathfinder Experiment (APEX). APEX is a collaboration between the
Max-Planck-Institut für Radioastronomie, the European Southern Ob-
servatory, and the Onsala Space Observatory.
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Table 1. Basic parameters of surveyed stars.
Star RA Dec υLSR Distance M˙ Teff υ∞ Ref.
[km s−1] [pc] [ M yr−1] [K] [km s−1]
Carbon stars
R Lep 04:59:36.35 −14:48:22.5 11 432 8.7 × 10−7 2200 18 1
V1259 Ori 06:03:59.84 +07:25:54.4 42 1600 8.8 × 10−6 2200 16 1
AI Vol 07:45:02.80 −71:19:43.2 −39 710 4.9 × 10−6 2100 12 1
X TrA 15:14:19.18 −70:04:46.1 −2 360 1.9 × 10−7 2200 6.5 1
II Lup 15:23:04.91 −51:25:59.0 −15.5 500 1.7 × 10−5 2400 21.5 1
V821 Her 18:41:54.39 +17:41:08.5 −0.5 600 3.0 × 10−6 2200 13.5 1
U Hya 10:37:33.27 −13:23:04.4 −32 208 8.9 × 10−8 2400 6.5 1
RV Aqr 21:05:51.68 −00:12:40.3 1 670 2.3 × 10−6 2200 15 1
M-type stars
R Hor 02:53:52.77 −49:53:22.7 37 310 5.9 × 10−7 2200 4 1
IK Tau 03:53:28.87 +11:24:21.7 34 265 5.0 × 10−6 2100 17.5 2
TX Cam 05:00:50.39 +56:10:52.6 11.4 380 4.0 × 10−6 2400 17.5 2
NV Aur 05:11:19.44 +52:52:33.2 2 1200 2.5 × 10−5 2000 18 1
BX Cam 05:46:44.10 +69:58:25.2 −2 500 4.4 × 10−6 2800 19 1
GX Mon 06:52:46.91 +08:25:19.0 −9 550 8.4 × 10−6 2600 19 1
W Hya 13:49:02.00 −28:22:03.5 40.5 78 1.0 × 10−7 2500 7.5 3
RR Aql 19:57:36.06 −01:53:11.3 28 530 2.3 × 10−6 2000 9 1
V1943 Sgr 20:06:55.24 −27:13:29.8 −15 200 9.9 × 10−8 2200 6.5 1
V1300 Aql 20:10:27.87 −06:16:13.6 −18 620 1.0 × 10−5 2000 14 1
T Cep 21:09:31.78 +68:29:27.2 −2 190 9.1 × 10−8 2400 5.5 1
R Cas 23:58:24.87 +51:23:19.7 25 176 8.0 × 10−7 1800 10.5 2
S-type stars
T Cet 00:21:46.27 −20:03:28.9 22 240 6.0 × 10−8 2400 7 5
R And 00:24:01.95 +38:34:37.4 −16 350 5.3 × 10−7 1900 8 1
V365 Cas 01:00:53.16 +56:36:45.2 −2.1 625 3 × 10−8 2400 6.2 7
S Cas 01:19:41.99 +72:36:40.8 −30 570 2.8 × 10−6 1800 19 1
W And 02:17:32.96 +44:18:17.8 −35 450 2.8 × 10−7 2400 6 1
T Cam 04:40:08.88 +66:08:48.7 −11.7 540 1.0 × 10−7 2400 3.8 7
DY Gem 06:35:57.81 +14:12:46.1 −16.7 680 7.0 × 10−7 2400 8 7
R Lyn 07:01:18.01 +55:19:49.8 16 850 3.3 × 10−7 2400 7.5 6
R Gem 07:07:21.27 +22:42:12.7 −60 820 4.3 × 10−7 2400 5 1
AA Cam 07:14:52.07 +68:48:15.4 −46.8 780 5.0 × 10−8 3000 5 5
Y Lyn 07:28:11.62 +45:59:26.2 −0.5 253 1.7 × 10−7 2400 8 1
TT Cen 13:19:35.02 −60:46:46.3 4 1180 4.0 × 10−6 1900 20 5
GI Lup 15:06:16.31 −41:28:13.8 6 690 5.5 × 10−7 2400 10 7
ST Her 15:50:46.63 +48:28:58.9 −4.5 293 1.3 × 10−7 2100 8.5 5
ST Sco 16:36:36.22 −31:14:02.4 −4.5 380 1.5 × 10−7 2400 5.5 7
RT Sco 17:03:32.55 −36:55:13.7 −47 400 4.5 × 10−7 2100 11 5
TV Dra 17:08:24.50 +64:19:08.7 22 390 5 × 10−8 2400 4.7 7
IRC-10401 18:10:24.82 −10:34:16.1 19 585 2 × 10−6 1800 17 7*
ST Sgr 19:01:29.20 −12:45:34.0 55.7 540 2.0 × 10−7 2400 6 6
S Lyr 19:13:11.80 +26:00:27.8 49 2000 3.5 × 10−6 1800 13 5
W Aql 19:15:23.35 −07:02:50.4 −23 395 3.0 × 10−6 2300 16.5 4
EP Vul 19:33:17.84 +23:39:19.6 0 510 2.3 × 10−7 2800 6 5
R Cyg 19:36:49.38 +50:11:59.5 −17 690 9.5 × 10−7 2600 9 1
AFGL 2425 19:39:00.74 −16:51:56.5 57 610 3.0 × 10−7 1800 8.7 7
CSS2 41 19:39:07.77 +29:02:38.6 21.5 880 5.8 × 10−7 1800 17 7
χ Cyg 19:50:33.92 +32:54:50.6 9 150 7.9 × 10−7 2600 8.5 8
AA Cyg 20:04:27.61 +36:49:00.5 27.5 480 2.9 × 10−7 2400 4.5 7
DK Vul 20:06:33.96 +24:25:60.0 −15 750 2.0 × 10−7 2900 4.5 5
RZ Sgr 20:15:28.41 −44:24:37.5 −31 730 3.0 × 10−6 2400 9 6
AD Cyg 20:31:36.51 +32:33:52.4 21 980 2.1 × 10−7 1800 8 7
RZ Peg 22:05:52.97 +33:30:24.8 −23.4 970 4.6 × 10−7 2400 12.6 6
RX Lac 22:49:56.90 +41:03:04.3 −15.4 310 8 × 10−8 2400 6.5 7
V386 Cep 22:53:12.33 +61:17:00.4 −51.8 470 2.0 × 10−7 1800 16 7
WY Cas 23:58:01.31 +56:29:13.5 7 600 1.1 × 10−6 2200 13.5 6
Notes. Upper section contains APEX sulphur survey sources, lower section details S-star survey, omitting duplicates. References give details of
mass-loss rate, M˙, stellar effective temperature, Teff , distances, and dust properties. (*) indicates that stellar properties were updated in this work.
(1) Danilovich et al. (2015); (2) Maercker et al. (2016); (3) Khouri et al. (2014a) and Danilovich et al. (2016); (4) Danilovich et al. (2014) and
Ramstedt et al. (2017); (5) Ramstedt & Olofsson (2014); (6) Schöier et al. (2013); (7) Ramstedt et al. (2009); (8) Schöier et al. (2011).
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Table 2. Observational parameters for the SiS and CS lines included in
this study
Mol. Line Freq. Tel. θ ηmb Eup
[GHz] [′′] [K]
28Si32S 4→ 3 72.618 OSO 45 0.55 9
5→ 4 90.772 IRAM 27 0.81 13
6→ 5 108.924 IRAM 21 0.78 18
8→ 7 145.227 IRAM 17 0.65 31
9→ 8 163.377 APEX 38 0.68 39
10→ 9 181.525 APEX 34 0.68 48
11→ 10 199.672 APEX 31 0.68 58
12→ 11 217.818 APEX 29 0.75 68
12→ 11 217.818 IRAM 11 0.63 68
13→ 12 235.961 IRAM 10 0.59 79
14→ 13 254.103 APEX 25 0.75 92
16→ 15 290.381 APEX 22 0.75 119
19→ 18 344.779 APEX 18 0.73 166
28Si34S 10→ 9 176.555 APEX 35 0.68 38
11→ 10 194.205 APEX 32 0.68 47
12C32S 3→ 2 146.969 IRAM 17 0.73 14
4→ 3 195.954 APEX 32 0.68 24
5→ 4 244.936 IRAM 10 0.59 35
6→ 5 293.912 APEX 21 0.75 49
7→ 6 342.883 APEX 18 0.73 66
12C33S 6→ 5 289.382 APEX 22 0.75 49
Notes. θ is the HPBW and ηmb is the main beam efficiency
At the telescope, the antenna temperature has been corrected
for the attenuation of the atmosphere and spectra are first de-
livered in T?A-scale. They have been converted to Tmb scale us-
ing Tmb=Tmb/ηmb, where ηmb is the main-beam efficiency. The
adopted beam efficiencies and full-width at half-max beam sizes
(θmb) are given in Table 2. The uncertainty in the absolute inten-
sity scale is estimated to be about ±20%.
The IRAM CS (3 → 2) and (5 → 4) observations are listed
in Table A.4, the APEX SiS (19→ 18) observations are listed in
Table A.5, and the IRAM SiS (5→ 4), (6→ 5), (12→ 11), and
(13→ 12) observations are listed in Table A.6.
2.3. OSO 4 mm observations of M-type stars
A sample of eight northern M-type AGB stars, covering a range
of mass-loss rates from ∼ 9 × 10−8 to ∼ 3 × 10−5 M yr−1, were
observed in the period 18–22 February 2016 as part of science
verification for the new 4 mm HEMT amplifier receiver (Belit-
sky et al. 2015) on the 20 m telescope at Onsala Space Obser-
vatory2 (OSO). The observations covered the SiS (4→ 3) emis-
sion line at 72.618 GHz for the eight sources listed in Table A.7,
which also includes rms noise levels. The line was undetected
in all sources except for BX Cam, for which it was tentatively
detected. We have not included BX Cam in our modelling since
it is too northern to observe from APEX, and one tentatively de-
tected line forms a dataset of insufficient quality to model well.
However, we included the non-detected SiS (4→ 3) lines in our
models of IK Tau and GX Mon, to place additional constraints
on those models.
2 The Onsala 20 m telescope is operated by the Swedish National
Facility for Radio Astronomy, Onsala Space Observatory at Chalmers
University of Technology.
2.4. Supplementary observations
For the carbon star AI Vol we included two additional SiS
lines, (11 → 10) and (10 → 9), which were observed with
APEX/SEPIA Band 5 as part of an unbiased line survey whose
results are yet to be published in full (De Beck et al, in prep). To
better constrain our models, we included some previously pub-
lished observations. These include IRAM 30 m observations of
the SiS (6 → 5) line at 108.924 GHz from Danilovich et al.
(2015). We also included observations of IK Tau previously pub-
lished by Decin et al. (2010) and a few lines taken from the
APEX archive. The full list of archival observations used in our
study is found in Table A.8.
3. Modelling
3.1. Established parameters
The bulk of our APEX sulphur survey and OSO samples was
chosen from the stars with mass-loss rates determined through
CO modelling by Danilovich et al. (2015), while most of the S
star survey came from Ramstedt et al. (2009) and Ramstedt &
Olofsson (2014). We use the circumstellar model results from
those studies as the basis for our SiS and CS modelling. For the
stars not included in these studies, we used a variety of previ-
ously obtained mass-loss rates, as noted in Table 1. W Aql is
included in our observing sample, however, the modelling re-
sults for this star presented here are based on line radiative trans-
fer modelling of ALMA observations of CS and SiS by Brunner
et al. (2018).
Some of the key stellar and circumstellar quantities for our
sample — systemic velocity (υLSR), distance, mass-loss rate (M˙),
stellar effective temperature (Teff), and terminal expansion veloc-
ity (υ∞) — are listed in Table 1. In one instance, IRC -10401, we
recalculated the mass-loss rate based on newer data, which is ex-
plained in more detail in Sect. B.1. A detailed discussion on the
uncertainties in mass-loss modelling can be found in Ramstedt
et al. (2008).
The referenced studies in Table 1 also include models of the
dust surrounding each star. Similar dust modelling methods are
used in all the studies and the specific dust properties of each
source can be found in its referenced study.
3.2. Molecular data
For both SiS and CS we performed our radiative transfer analysis
using molecular descriptions including rotational energy levels
from J = 0 to J = 40 in the ground and first excited vibrational
states. These energy levels are shown in Fig. 1 and are connected
by 160 radiative transitions and 820 collisional transitions. For
SiS, the energy levels and radiative transition parameters were all
taken from the JPL spectroscopic database3 (Pickett et al. 1998),
while the collisional rates for SiS-H2 are adopted from SiO-H2
rates, which were themselves scaled and extrapolated from the
SiO-He rates of Dayou & Balança (2006). For CS, the energy
levels and radiative transition parameters were all taken from the
Cologne Database for Molecular Spectroscopy (CDMS4, Müller
et al. 2005; Endres et al. 2016). The adopted collisional rates
come from those of CO-H2 computed by Yang et al. (2010) and
an assumed H2 ortho-to-para ratio of three.
3 https://spec.jpl.nasa.gov
4 http://www.astro.uni-koeln.de/cdms
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Fig. 1. Rotational energy levels in the ground and first vibrationally
excited states for SiS (left) and CS (right) included in our modelling.
For both molecules the most energetic rotational level included is at
J = 40.
3.3. Modelling procedure
We performed our radiative transfer modelling using a one-
dimensional accelerated lambda iteration method code (ALI),
which is described in detail by Maercker et al. (2008) and
Schöier et al. (2011), and is based on the ALI scheme described
by Rybicki & Hummer (1991). ALI is able to deal with high opti-
cal depths and has been used to model other S-bearing molecules
such as SO, SO2, and H2S (Danilovich et al. 2016, 2017).
ALI is one-dimensional so we assumed a smooth, spherically
symmetric wind with a constant mass-loss rate and velocity pro-
file based on the stellar parameters listed in Table 1 which are
described in more detail in Danilovich et al. (2015). To fit our
models to the observed data, we first assume a Gaussian molec-
ular abundance distribution,
f (r) = f0 exp
− ( rRe
)2 , (1)
where f0 is the peak central abundance and Re is the e-folding
radius at which the the abundance has dropped to f0/e. As we
have no a priori constraints on the e-folding radius, we leave
both f0 and Re as free parameters in our modelling, to be ad-
justed to best fit the available data. This is only possible for
the sources for which we have detected at least two different
transitions with sufficiently distinct emitting regions. Gaussian
abundance profiles have been shown to be adequate fits for vari-
ous molecules in the past, such as SiO (González Delgado et al.
2003), H2O (Maercker et al. 2016), and others (Schöier et al.
2011; Danilovich et al. 2014). In the absence of more detailed
information as to the radial distributions of CS and SiS (such as
spatially resolved observations), we have chosen to use Gaussian
abundance distribution profiles here based on these past results
and due to the ease with which they can be adjusted to find the
best fit for the data.
To determine which models best fit the data, we minimised a
χ2 statistic, which we define as
χ2 =
N∑
i=1
(
Imod,i − Iobs,i)2
σ2i
, (2)
where I is the integrated main beam line intensity, σ is the un-
certainty in the observed line intensities and N is the number of
lines being modelled. In general, we assumed an uncertainty of
20% in line intensity for our observed lines, except for those we
identify as being tentatively detected, for which we assumed a
50% uncertainty. The uncertainties calculated for our model re-
sults are for a 90% confidence interval using this χ2 formulation.
To better allow us to compare between stars for which differing
numbers of observed lines might be available, we further defined
a reduced-χ2 statistic: χ2red = χ
2/(N− p) where p = 2 is the num-
ber of free parameters in our models (and hence for N ≤ 3 we
leave χ2red = χ
2). In the cases where only one line was detected
for a particular source and molecule, we cannot calculate a χ2
value and our uncertainties are based on a 20% shift in model
integrated intensity.
3.4. Modelling results
We were able to successfully model the SiS and CS line emission
in the CSEs of all the stars in our sample for which at least two
lines per molecule were detected with only one exception. II Lup
proved difficult to model using a spherically symmetric model
with a smoothly accelerating wind and will be discussed in more
detail in Appendix B.4. For the stars with only one detected line
or with only two lines from adjacent SiS transitions detected, it
was not possible to determine an e-folding radius. In these cases,
we obtained the e-folding radius from a fit to our other results.
This is discussed in more detail in Sect. 4.
The abundances, f0, and e-folding radii, Re, that we have de-
rived are listed in Table 3. A summary of the results is shown
in Fig. 2. In Fig. 3 we plot both SiS and CS abundances against
wind density and in Fig. 4 we plot CS abundance against SiS
abundance for the stars towards which both molecules were de-
tected. The SiS results are discussed in more detail in Sect. 4.1
and the CS results in Sect. 4.2. Isotopologue modelling is dis-
cussed in Appendix C.
4. Analysis
4.1. SiS
In the APEX survey, SiS was detected towards five out of the
eight surveyed carbon stars and three out of seven M-type stars.
In the S star survey, SiS was detected in five sources. The low-
energy SiS (4→ 3) line was only tentatively detected for one of
the stars observed with the OSO 20m telescope, although higher-
energy transitions were detected for the two stars overlapping
with the APEX sulphur survey (IK Tau and GX Mon). In all
cases, these were among the highest mass-loss rate sources in
each category. The implications of this will be discussed further
in Sect. 5. The SiS observations and model results for a represen-
tative carbon star, AI Vol, are plotted in Fig. 5 with the same for
the remaining carbon stars plotted in Figures A.1, A.2, and A.3.
The SiS results for a representative oxygen-rich star, V1300 Aql,
are plotted in Fig. 6 with the same for the remaining oxygen-rich
stars plotted in Figures A.4 and A.5. In general we see higher
abundances of SiS for carbon stars than for oxygen-rich or S-
type stars. SiS abundances range from ∼ 9 × 10−6 to ∼ 2 × 10−5
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for carbon stars, from ∼ 3 × 10−7 to ∼ 2 × 10−6 for oxygen rich
stars, and from ∼ 2 × 10−7 to ∼ 1 × 10−6 for the S-type stars.
From the stars for which we were able to constrain the SiS
e-folding radius, we found the following relation between e-
folding radius and wind density when weighting with the un-
certainties listed in Table 3
log10(Re,SiS) = (21.3 ± 0.2) + (0.84 ± 0.03) log10
(
M˙
υ∞
)
, (3)
where Re is given in cm, M˙ in M yr−1, υ∞ in km s−1, and the
errors are 1σ uncertainties. This fit is represented by the dashed
black line in the left panel of Fig. 7. When modelling the S stars
with only one SiS detection, or with only the SiS (12→ 11) and
(13 → 12) lines detected, it was not possible to fit the e-folding
radius with the available data. Hence, we derived Re for these
10 6 10 5
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Fig. 4. Derived CS fractional abundances plotted against derived SiS
fractional abundances.
sources using Eq. 3 and then fitted the peak abundance, f0, to the
available data.
4.2. CS
In the APEX survey, CS is detected in all of the surveyed carbon
stars and in three out of the seven surveyed M-type stars. In the
S star survey it is detected towards six sources.
For each source we have only two or three observed CS lines
with which to constrain our models. However, in each case there
was at least a pair of lines with transitions separated by ∆J =
2 which corresponded to an increase in upper energy level by
a factor greater than two and different emitting regions within
the CSE. This proved to be sufficient to constrain the e-folding
radius for most of our sources. Some example CS results for
AI Vol (carbon star), IK Tau (M-type), and χ Cyg (S-type) are
plotted in Figures 8, 9, and A.14, respectively. The remaining
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Table 3. Modelling results.
Star SiS CS
f0 Re n χ2red NSiS f0 Re n χ
2
red NCS
[×10−6] [×1015 cm] [cm−2] [×10−6] [×1015 cm] [cm−2]
Carbon stars
R Lep ... ... 0 ... ... 7.4+3.6−2.9 9.2
+7.1
−3.7 2 0.00 1.2 × 1017
V1259 Ori 9.0+2.8−2.5 13 ± 3 5 3.4 1.1 × 1018 1.3+?−1.1 † 80+?−70 * 3 0.59 1.7 × 1018
AI Vol 24+18−8 6.2
+1.2
−1.1 7 3.2 1.2 × 1018 18+?−10 † 10+6−4 2 0.03 8.9 × 1017
X TrA ... ... 0 ... ... 11 ± 7 4.0+2.5−1.5 2 0.01 3.2 × 1017
V821 Her 9.4 ± 2.6 5.7 ± 1.0 5 2.9 2.8 × 1017 3.3+1.6−1.2 28+36−13 3 0.54 9.9 × 1016
U Hya ... ... 0 ... ... 0.42+0.09−0.14 4.8
+4.7
−2.0 3 7.1 1.1 × 1015
RV Aqr 11 ± 6 2.9+0.5−0.6 3 0.71 2.5 × 1017 7.0+8.1−3.4 22+66−11 2 0.00 1.7 × 1017
Oxygen-rich stars
IK Tau 1.7 ± 0.4 5.3 ± 1.0 7 1.1 1.1 × 1017 0.11 ± 0.04 23+72−12 2 0.02 6.1 × 1015
GX Mon 0.53 ± 0.12 13 ± 4 5 2.0 3.5 × 1016 0.083+0.062−0.065 & 200 * 2 0.36 5.6 × 1015
V1300 Aql 1.1 ± 0.3 12 ± 3 5 1.4 7.6 × 1016 0.029 ± 0.023 40+?−34 * 2 0.00 2.5 × 1015
S-type stars
R And ... ... 0 ... ... 0.15 ± 0.5 18+26−8 2 0.01 1.4 × 1015
S Cas 1.1+0.3−0.2 3.6 * 2 1.1 2.4 × 1016 0.74+0.26−0.24 16+8−6 2 0.0 1.7 × 1016
IRC -10401 0.60 ± 0.12 3.0 * 1 ... 3.7 × 1015 ... ... 0 ... ...
S Lyr ... ... 0 ... ... 8.2+3.7−2.8 19 * 1 ... 3.4 × 1017
W Aql‡ 1.5 ± 0.05 6.0 ... ... 5.9 × 1016 1.2 ± 0.05 7.0 ... ... 4.7 × 1016
EP Vul ... ... 0 ... ... 0.18 ± 0.04 8.6 * 1 ... 1.1 × 1015
χ Cyg 0.18 ± 0.06 2.5 * 2 1.4 1.5 × 1015 0.10 ± 0.03 15+34−7 2 0.01 5.7 × 1014
RZ Sgr 0.28 ± 0.06 7.2 * 1 ... 1.0 × 1016 ... ... 0 ... ...
Notes. f0 is the peak abundance relative to H2 and Re is the e-folding radius. n is the number of observed lines included in our radiative transfer
analysis. N is the column density obtained from our radiative transfer modelling. (*) indicates models which cannot be radially constrained with
the available data. Where only one observed line is available, Re is calculated from whichever is applicable out of Eqs. 3 and 4. (†) indicates
models for which upper limits cannot be placed on the uncertainties due to optical depth effects that come into play at higher abundances of CS.
(‡) W Aql is originally modelled in Brunner et al (submitted), based in part on ALMA observations, and is only included here for completion.
Hence uncertainties, N and χ2red are omitted for this source since the fit to a radial profile derived from an ALMA image is not comparable to fits
based only on single-dish data.
carbon-rich CS models are plotted in Figures A.6, A.7, A.8, A.9,
A.10, and A.11, while the remaining oxygen-rich CS models are
plotted in Figures A.12 and A.13. CS abundances range from
∼ 4 × 10−7 to ∼ 2 × 10−5 for carbon stars, from only ∼ 3 × 10−8
to ∼ 1 × 10−7 for oxygen rich stars, and from ∼ 1 × 10−7 to
∼ 8 × 10−6 for the S-type stars.
We had some difficulty finding a conclusive e-folding radius
for CS towards three of our sources: the carbon-rich V1259 Ori,
and the oxygen-rich GX Mon and V1300 Aql. The main diffi-
culty with the two oxygen-rich stars was the low signal-to-noise
ratio for the CS lines, leading to ambiguity in fitting the models.
The case of V1259 Ori is more complicated and is discussed in
more detail in Sect. B.2.
From the stars for which we were able to constrain the CS e-
folding radius, we find the following relation between e-folding
radius and wind density when weighting with the uncertainties
listed in Table 3
log10(Re,CS) = (18.9 ± 0.2) + (0.40 ± 0.03) log10
(
M˙
v∞
)
, (4)
where Re is given in cm, M˙ in M yr−1, υ∞ in km s−1, and the
errors are 1σ uncertainties. This fit is represented by the dashed
black line in the right panel of Fig. 7.
We also ran models for V1259 Ori, GX Mon, and V1300 Aql
with the Re as obtained from Eq. 4. While we were able to find
adequate models with this added restriction, the χ2 values of the
new models were consistently higher than for the models listed
in Table 3. The new models also had systematically higher f0
values by about 10–20%, but this increase does not change our
overall conclusions. We generally refer to the original models,
with Re as a free parameter, when we discuss results.
5. Discussion
5.1. Limitations of the modelling
As mentioned in Sect. 4.2, we did not have access to many
CS lines, making the modelling uncertain. The accuracy of all
our CS models would improve with access to higher-J lines or
interferometric data to better constrain the extents of the CS
envelopes. When experimenting with high CS abundances, we
found the issue that very high CS abundances (& 2 × 10−5)
lead to the model lines becoming fainter with increased abun-
dance rather than brighter, as would ordinarily be expected, most
likely due to high optical depths leading to saturation. This ex-
plains why, for some of the highest CS abundances, we were not
able to find an uncertainty to the upper limit of the abundance
in our models (see the results marked with a † in Table 3). We
did not run into similar problems with SiS since, over a given
energy range, SiS energy levels are more numerous, allowing
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Fig. 5. Observations (black histograms) and model results (blue lines)
for SiS towards AI Vol, a carbon star, plotted with respect to LSR ve-
locity.
the molecules to be spread over a larger number of states and
hence reducing the optical depth of the lines. This is also why
SiS lines are inherently less intense than CS lines (Müller et al.
2005). Two stars for which we found somewhat anomalous re-
sults, AI Vol and II Lup, are discussed in more detail in Sections
B.3 and B.4.
5.2. Trends seen in our results
The estimated SiS and CS fractional abundances are summarised
in Fig. 2, and the abundances shown as a function of CSE den-
sity in Fig. 3. SiS is only detected for the higher mass-loss rate
objects for all three chemical types. Its abundance is ≈ 10−5 for
the carbon stars, and hence CS and SiS combined can account
for almost all of the sulphur in these stars. For the oxygen-rich
and S-type stars the average SiS abundance is about one order of
magnitude lower. Based on our detection limits, we calculated
an upper limit on the fractional SiS abundance for W Hya of
1 × 10−6, for RR Aql of 3 × 10−7, for R Lep of 6 × 10−6 and for
S Lyr of 1.5 × 10−5. W Hya is the lowest mass-loss rate M-type
star, RR Aql and R Lep are the highest mass-loss rate M-type
and carbon stars, respectively, for which SiS was not detected,
and S Lyr is the highest mass-loss rate S-type star with a CS de-
tection but not an SiS detection. These upper limits do not rule
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Fig. 6. Observations (black histograms) and model results (blue lines)
for SiS towards V1300 Aql, an M-type star, plotted with respect to LSR
velocity.
out abundances comparable to those for similar stars for which
SiS was detected. We note, in particular, that the upper limit for
SiS towards S Lyr is a similar amount (in dex) above the calcu-
lated CS abundance in Fig. 3 as seen for the other S-type stars as
well as the carbon stars with similar densities.
The CS abundances are ≈ 10−5 for the carbon stars indepen-
dent of the CSE density (only the star with the lowest mass-
loss rate is a significant exception to this). For the oxygen-rich
stars CS was only detected for the higher mass-loss rate objects,
and here the abundances are more than two orders of magnitude
lower than for the carbon stars. The upper limits we calculated
for W Hya, RR Aql, and RZ Sgr were 9 × 10−8, 6 × 10−8, and
1.5 × 10−7 respectively. For the M-type stars this is comparable
to the abundances for the M-type stars with detected CS. For
RZ Sgr the CS upper limit is just below the SiS abundance, giv-
ing a similar difference between SiS and (upper limit) CS abun-
dances as found for the other S-type stars. For the S-type stars
as a whole, there is a trend such that the CS abundances for the
lower mass-loss rate stars are almost two orders of magnitude
lower than for the carbon stars, which increase to values similar
to that of carbon stars at the higher mass-loss rates. However,
RZ Sgr does not comply with this trend if the CS upper limit is
taken into account. Similarly, a trend in SiS abundances could be
seen with higher abundances correlated with higher densities if
RZ Sgr were to be excluded. It is unclear from the available data,
especially considering the small number of detections for CS and
SiS towards S stars, whether RZ Sgr is an outlier due to inaccu-
rate input parameters (such as mass-loss rate and/or distance) or
whether it truly belies the apparent trends seen for the other S
stars. Higher sensitivity observations of the S stars, providing a
larger sample of detections, would help to confirm whether the
trends we see here are real or a coincidental product of the sam-
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Fig. 8. Observations (black histograms) and model results (blue lines)
for CS towards AI Vol, a carbon star, plotted with respect to LSR veloc-
ity.
Fig. 9. Observations (black histograms) and model results (blue lines)
for CS towards IK Tau, an M-type star, plotted with respect to LSR
velocity.
ple. The potential anomaly of RZ Sgr aside, the abundances of
CS for the S-type stars fall between those of carbon and oxygen-
rich stars.
In Fig. 4 we plot the modelled abundances of CS against
those of SiS. The points appear to be grouped by chemical
type with the carbon stars clustered in the top right, exhibiting
the highest abundances of both molecular species. For the M-
type and S-type stars there may be a correlation between the
abundances of SiS and CS, possibly following slightly different
trends. However, the small number of sources involved renders
this only a tentative result.
While it might be expected that S-type stars with greater
amounts of photospheric carbon — such as those classified as
SC stars — would be more likely to produce circumstellar CS,
there is no clear relationship in our results between spectral type
and the detection of CS in the S-type stars. For example TT Cen
and S Lyr are both SC stars, but CS was only detected in S Lyr,
despite the expectation that (assuming a similar abundance) it
should be easier to detect in TT Cen, which is a closer source
and has a similar (even slightly higher) mass-loss rate.
As can be seen in Fig. 7, we find generally smaller e-folding
radii for SiS than for CS. This is most likely due to the fact that
the binding energy of CS is higher than that of SiS (7.8 eV com-
pared with 6.4 eV, Herzberg 1989; Gail & Sedlmayr 2013), mak-
ing SiS more readily photodissociated by the interstellar radia-
tion field.
We also note the results of González Delgado et al. (2003),
Schöier et al. (2006), and Ramstedt et al. (2009) who observed
and modelled the abundances of SiO in oxygen-rich, carbon-
rich and S-type AGB stars, respectively. Those studies find a
trend of decreasing SiO abundance with increasing wind den-
sity, most clearly seen for the oxygen-rich and carbon-rich stars
(since fewer high mass-loss rate S-type stars have been identi-
fied). A similar trend was found by Massalkhi et al. (2018) for
SiC2 abundance decreasing with carbon star wind density. Al-
though we do not see a clear trend in SiS abundance with den-
sity (see Fig. 3), it is possible that the detection of SiS only in
the highest mass-loss rate AGB stars is linked to the decreased
abundances of SiO and/or SiC2 in the same stars. Also, consid-
ering only the S-type stars and excluding RZ Sgr (see discussion
above), there is a possible trend of increased SiS abundance with
increased density, the opposite of the trend seen for SiO by Ram-
stedt et al. (2009). For the carbon stars that have very high SiS
abundances, accounting for roughly half the available S (for a
solar abundance of S, taken from Asplund et al. 2009), the SiS
abundance can also account for a significant portion of the avail-
able Si (the solar abundance of which is approximately twice that
of S). For some of the low mass-loss rate stars included in the
González Delgado et al. (2003) and Schöier et al. (2006) studies,
however, the abundances of SiO approaches the solar abundance
of Si. For W Hya, a nearby low mass-loss rate star for which we
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did not detect SiS, Khouri et al. (2014b) found an SiO abundance
high enough to account for almost all of the Si, while Danilovich
et al. (2016) found that SO and SO2 combined account for al-
most all of the S. As Si, O and C are all known to play a part in
dust formation, the depletion of these elements onto dust grains
may play a part in the sulphur chemistry, especially if we con-
sider that larger quantities of dust are generally associated with
higher mass-loss rate AGB stars (Justtanont & Tielens 1992). In
any case, it seems from both earlier studies and from this work
that the wind density plays an important role in determining the
chemical composition of AGB CSEs.
5.3. Comparison with other observational studies
Schöier et al. (2007) surveyed a sample of carbon- and oxygen-
rich AGB stars and detected SiS towards eleven carbon stars and
eight M-type AGB stars. They do not explicitly list any non-
detections, but their presented SiS lines are mostly5 seen towards
high mass-loss rate stars. In their radiative transfer modelling,
Schöier et al. (2007) assumed the same photodissociation radius
for SiS as for SiO. Therefore, they used the González Delgado
et al. (2003) SiO empirical relation between mass-loss rate, wind
velocity and photodissociation to find e-folding radii of SiS for
their sample stars. They were unable to find good fits to the ob-
served data using this assumption and found better fits by adding
a central component with radius out to 1 × 1015 cm and with a
high SiS abundance of 2×10−5. With this distribution SiS would
account for most of the sulphur in the inner CSE. In contrast,
we were able to find good fits with Gaussian SiS abundance dis-
tributions by leaving the e-folding radius as a free parameter.
This approach did not require the inclusion of a central compo-
nent of higher SiS abundance. For those sources which overlap
with the Schöier et al. (2007) sample we found smaller e-folding
radii than they did and fractional abundances larger than their
Gaussian components but smaller than their inner components.
It is not surprising that leaving the e-folding radius as a free
parameter gives a better fit to the observations than using the
SiO e-folding radius does, since the dissociation energy of SiS is
6.4 eV, compared with 8.28 eV for SiO (Gail & Sedlmayr 2013).
These are sufficiently different that the extents of the correspond-
ing molecular envelopes ought not to be identical.
Decin et al. (2010) modelled several molecules, including
SiS and CS, for the oxygen-rich AGB star IK Tau. They find
an inner abundance for CS of 8 × 10−8, relative to the H2 abun-
dance, and use a non-Gaussian distribution based partly on the
results of chemical modelling. Their CS result is in good agree-
ment with ours, within a factor of ∼ 1.4, although we find a
smaller extent for the CS envelope. This is mostly likely due to
the addition of the lower-J line CS (4 → 3) in our study, com-
pared with the use of only the (7→ 6) and (6→ 5) in the Decin
et al. (2010) study. For SiS, Decin et al. (2010) found a similar
core and extended plateau abundance distribution to that used
by Schöier et al. (2007). They found a high inner abundance of
SiS of 1.1 × 10−5, relative to H2, which drops to 8 × 10−9 at
∼ 1.5×1015 cm and does not decrease again until ∼ 3×1016 cm.
While this agrees well with Schöier et al. (2007), despite having
been calculated using different methodology, it does not agree
5 Indeed, the only star for which they detected SiS and which had a
lower mass-loss rate (M˙ = 5 × 10−7 M yr−1) than our lower-limit
for SiS detections is the oxygen-rich R Cas. However, a more recent
study of R Cas using higher-J CO lines from Herschel /HIFI to deter-
mine the mass-loss rate, conducted by Maercker et al. (2016), found
M˙ = 8 × 10−7 M yr−1, equal to the lowest mass-loss rate star with an
SiS detection in our sample.
with our result for the same reasons discussed above. Our abun-
dance of 1.7× 10−6 is intermediate to their two extremes and the
extent of our SiS envelope is significantly smaller.
Olofsson et al. (1993) surveyed a sample of about 40 car-
bon stars and detected the CS (2 → 1) line in 11 of them. The
only stars in both their sample and ours were U Hya, X TrA, and
R Lep, for which they did indeed also detect CS. The CS abun-
dances they calculated for all sources were upper limits, and our
results fall well below these for U Hya and X TrA. For R Lep our
calculated CS peak fractional abundance is in good agreement
with the upper limit they found, although we find the e-folding
radius to be larger by about a factor of two. In addition to the ra-
dio data, Olofsson et al. (1993) also collected infrared photom-
etry for about 60 stars and, based on LTE model atmospheres,
calculated photospheric molecular abundances for a few species,
including CS and SiS. For the three overlapping stars they found
relatively high photospheric SiS abundances, while we did not
detect SiS in their CSEs (in fact, they were the only three carbon
stars for which we did not detect SiS). For CS, the photospheric
abundance found for R Lep is more than two orders of magni-
tude smaller than our CSE abundance, for U Hya it is an order
of magnitude larger than our CSE abundance, and for X TrA it
is comparable with our CSE abundance, being only a factor of
two larger. As Olofsson et al. (1993) note, the photospheric CS
abundance is very sensitive to temperature, and hence is likely
to change significantly between different phases of pulsation.
In a search for both CS and SiS (among other molecules)
in a sample of 31 oxygen-rich stars, Lindqvist et al. (1988) de-
tected the CS (2→ 1) line towards only four sources and the SiS
(5 → 4) line only towards TX Cam. They estimated CS abun-
dances in the order of a few 10−7, with their IK Tau result a factor
of about two higher than what we found for that source, and an
SiS abundance of ∼ 1 × 10−6, in agreement with our results. Bu-
jarrabal et al. (1994) surveyed a sample of evolved stars (mostly
AGB stars) using the IRAM 30 m telescope to observe several
molecular species including CS and SiS. They estimated molec-
ular abundances based on the integrated intensities of their ob-
served lines and assuming a constant abundance within a given
radius. They note that their estimates only hold for optically thin
lines. Where their sample overlapped with ours, we found higher
SiS abundances for IK Tau and V1300 Aql by factors of four and
two, respectively, while our CS abundances were in agreement
for IK Tau and χ Cyg, a factor of a half smaller for V1300 Aql,
V1259 Ori, and W Aql, a factor of about three smaller for R And,
and almost a factor of 6 higher for V821 Her. In the case of SiS
in the oxygen-rich stars (no carbon star SiS observations over-
lapped with our sample and they did not detect SiS towards any
S-type stars) and CS towards the carbon stars and W Aql, the
discrepancies are most likely due to optical depth effects since
our models indicate optically thick emission in these cases. For
CS towards the oxygen-rich stars and in χ Cyg, which our mod-
els indicate to be optically thin, our results are in better agree-
ment, with the discrepancy in the V1300 Aql and R And abun-
dances most likely due to uncertainties caused by the weak emis-
sion in the case of both our observations and those of Bujarrabal
et al. (1994). It should also be noted that Olofsson et al. (1993),
Lindqvist et al. (1988) and Bujarrabal et al. (1994) all used sim-
ilar and simple methods for estimating abundances.
5.4. Comparison with chemical models
Since CS and SiS have long been known to occur in AGB CSEs,
they are regularly included in chemical models of these stellar
winds. Indeed, SiS and CS are commonly assumed to be par-
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ent species — molecules formed in the innermost regions, from
which other species are subsequently formed — sometimes for
CSEs of all chemical types. In this section we discuss some dif-
ferent existing chemical modelling results and compare them
with our results.
5.4.1. LTE models of the mid- and outer-CSE
Willacy & Millar (1997) modelled the chemistry in the cooler
outer regions of the CSE of an oxygen-rich AGB star. They
used the characteristics of TX Cam (M˙ = 3 × 10−6 M yr−1,
υ∞ = 18 km s−1) as the basis for their models, although they
also give some model results based on IK Tau and R Dor. They
take SiS and H2S as parent species and model the CSE from
2 × 1015 cm outwards. They predict a more extended SiS enve-
lope than we find, by about an order of magnitude, but with a
peak SiS abundance in reasonable agreement with ours: about
twice the abundance we find for IK Tau. The SiS column den-
sity they find for IK Tau, using a similar mass-loss rate and
slightly higher expansion velocity than those used in our study
(M˙ = 4.5×10−6 M yr−1, υ∞ = 20 km s−1), is more than an order
of magnitude lower than ours. They also predict CS to be located
in a shell around the star, with the peak in abundance falling at
a few 1016 cm for TX Cam. The peak appears to be roughly in
agreement with the e-folding radii we find for the oxygen-rich
stars in our sample. For IK Tau they find a peak abundance for
CS of ∼ 3 × 10−7, which is about three times what we calculate
for our centrally peaked CS distribution. Their column density
for IK Tau is about two orders of magnitude lower than what we
find. The CS lines that we observe are formed in relatively cool
regions, so they are not sensitive to a possible lower CS abun-
dance in the inner regions.
Li et al. (2016) model a similar outer region of an oxygen-
rich CSE, focussing on UV photochemistry, and using IK Tau as
their fiducial model (with a similar mass-loss rate, M˙ = 4.5 ×
10−6 M yr−1, and higher expansion velocity, υ∞ = 24 km s−1,
than used in the present study). Their parent species abundances
are taken from observations, where available, and shock-induced
non-LTE predictions otherwise. They include several S-bearing
molecules in their list of parent species: SiS, CS, H2S, SO, SO2,
and HS. Their initial abundance of SiS, in particular, accounts
for a significant portion of the sulphur budget and is about an
order of magnitude higher than the peak abundance we found
for IK Tau. Like Willacy & Millar (1997), they find a more
extended SiS envelope, which declines more slowly than our
IK Tau model, resulting in their model being about an order of
magnitude more extended than ours. Considering CS, however,
their results are in reasonable agreement with ours, with a similar
(centrally peaked) inner abundance of CS and a similarly large
extent, although at very large extents their model deviates from
our Gaussian assumption.
5.4.2. Chemistry in a clumpy medium
Agúndez et al. (2010) investigated the effects of clumpiness on
AGB chemistry and, in particular, the penetration of UV pho-
tons. They included SiS and CS as parent species for the carbon-
rich models and SiS, SO and H2S in their oxygen-rich models.
They concluded that UV penetration in clumpy and low mass-
loss rate CSEs (up to a few 10−7 M yr−1) can trigger photo-
chemistry in the warm inner regions of the CSEs, allowing the
formation of CS (and HCN and NH3) in oxygen-rich CSEs (as
well as H2O and NH3 in carbon-rich CSEs). Their predictions of
CS abundances in the range 10−8 − 10−7 for all mass-loss rates
are in agreement with the abundances we find for the higher
mass-loss rate oxygen-rich stars and are not ruled out by our
non-detections for the lower mass-loss rate stars.
Van de Sande et al. (2018) developed a chemical model in-
corporating a porosity formalism to treat the increased penetra-
tion of UV photons in a clumpy CSE, and considering the rel-
ative overdensity of the clumps. They run models for different
clump parameters, including the density contrast and clump size,
and find that larger deviations from a smooth (non-clumpy) out-
flow generally result in higher abundances of CS for a range of
mass-loss rates (M˙ = 10−7, 10−6, and 10−5 M yr−1) in the case
of oxygen-rich CSEs. Although their derived radial abundance
distribution profiles differ from the Gaussian profiles we use in
this study, their peak CS abundances are in good agreement with
the peak abundances that we found for our higher mass-loss
rate oxygen-rich stars. Their CS column densities for oxygen-
rich AGB stars, which vary significantly with clumpiness, are in
agreement for the most extreme clumpy models, and up to three
orders of magnitude lower than our results, depending on the
specific clumpiness of the outflow.
5.4.3. Our results from a chemical perspective
Regarding possible chemical mechanisms to explain our results,
the only neutral-neutral formation rate for the SiS molecule is
the radiative association Si + S→ SiS reported by Andreazza &
Marinho (2007), which has an activation barrier of only 66 K.
The Arrhenius rate6 has a small pre-exponential factor and very
weak temperature dependence. As a consequence, the process
occurs efficiently at high densities and is negligible at low densi-
ties, in agreement with our SiS detection pattern. A temperature
independent SiS photodissociation rate is reported by Prasad &
Huntress (1980), but based on the difference between the Prasad
& Huntress (1980) rates for SiO and SiH photodissociation and
those calculated more recently (e.g. by Heays et al. 2017), it is
likely to be off by at least an order of magnitude. However, apart
from these two reaction rates, the neutral SiS chemistry is poorly
characterised. A more detailed description is required to con-
struct an accurate chemical-kinetic network (i.e. interactions of
SiS with SiO, silicates, other S-bearing compounds, etc).
To model the SiS abundance without specific rate prescrip-
tions, we performed thermodynamic equilibrium (TE) calcula-
tions (White et al. 1958; Tsuji 1973), using the same method as
implemented by Gobrecht et al. (2016) but extended to a larger
sample space of temperatures and densities. The TE calculations
are based on the minimisation of the total gas Gibbs free energy
whose components are tabulated (NIST-JANAF Thermochemi-
cal Tables7) for a given elemental mixture. For the conditions of
an oxygen-rich CSE (C/O = 0.75) we find a strong density de-
pendence of the SiS fractional abundance (see Table 4). In par-
ticular, at T = 1500 K and densities of n = 1012 to 1014 cm−3,
which typically apply for 1–2 R∗, we find good agreement with
the observed abundances in higher mass-loss rate sources. A
similar argument could be applied to the carbon-rich sources.
Regarding the presence of CS in oxygen-rich stars, its forma-
tion is thought to be greatly enhanced by shock chemistry (Duari
et al. 1999; Cherchneff 2006; Gobrecht et al. 2016). The extreme
6 An Arrhenius reaction rate k(T ) is generally defined as
k(T ) = A(T/300 K)B × exp(−Ea/T )
where A is the pre-exponential factor, B the temperature dependence
and Ea the activation barrier in K.
7 http://kinetics.nist.gov/janaf/
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Table 4. SiS thermodynamic equilibrium fractional abundances for different number densities and C/O = 0.75.
T [K]
n [cm−3] 1014 1013 1012 1011 1010
2000 3.4 × 10−8 2.1 × 10−9 3.4 × 10−10 2.7 × 10−10 2.5 × 10−10
1500 4.6 × 10−6 1.0 × 10−6 2.2 × 10−7 2.3 × 10−8 1.7 × 10−9
1000 1.2 × 10−5 1.2 × 10−5 1.2 × 10−5 1.2 × 10−5 1.1 × 10−5
conditions in shocks free up C from CO, allowing CS to form
even in carbon-deficient environments. We expect more extreme
shock conditions in the higher mass-loss rate sources (Mattsson
et al. 2007), which can drive non-equilibrium reactions. Hence
CS is more likely to form in these sources. In carbon stars, where
there is abundant C, CS can form in thermal equilibrium and
hence such extreme conditions are not required to form CS. This
also explains the presence of CS in even the lowest mass-loss
rate carbon stars. The roughly constant abundance of CS in most
of the carbon stars is most likely due to CS having a high binding
energy and forming readily in the presence of abundant C.
Although sulphur does not readily condense onto dust grains,
as evidenced by the lack of sulphur depletion found by stud-
ies of post-AGB stars (Reyniers & van Winckel 2007; Waelkens
et al. 1991), it is possible that dust-grain interactions may play
a part in determining the abundances of CS and SiS. Gobrecht
et al. (2016) performed a theoretical study on a inner winds of
an oxygen-rich AGB star using an extensive chemical-kinetic
network including the species CS, SiS, SO, SO2, H2S, SH, and
OCS. By comparing models with and without dust condensa-
tion, we find no significant difference in the abundances of CS
and SiS.
6. Conclusions
In this study we observed SiS and CS towards a large number of
AGB stars. CS was detected towards all observed carbon stars,
some S-type stars, and the highest mass-loss rate M-type stars.
SiS was only detected towards the highest mass-loss rate sources
for all chemical types.
We find higher abundances of both CS and SiS in carbon
stars than S-type stars or M-type stars. More specifically, we
found SiS abundances ranging from ∼ 9× 10−6 to ∼ 2× 10−5 for
the carbon stars, from ∼ 5 × 10−7 to ∼ 2 × 10−6 for the oxygen-
rich stars, and from ∼ 2× 10−7 to ∼ 2× 10−6 for the S-type stars.
Our CS abundances ranged from ∼ 4×10−7 to ∼ 2×10−5 for the
carbon stars, from ∼ 3 × 10−8 to ∼ 1 × 10−7 for the oxygen-rich
stars and from ∼ 1 × 10−7 to ∼ 8 × 10−6 for the S-type stars.
A correlation between CS abundance and CSE density for
S-type stars is indicated by our results, and may also be seen for
SiS if one star is excluded from our sample. However, no similar
correlation can be seen for the carbon- or oxygen-rich stars, al-
though this could be partly due to the small number of sources.
Thermodynamic equilibrium calculations predict that SiS should
form more readily in denser environments, in agreement with our
observational results of only detecting SiS in such environments.
Also, CS formation is thought to be strongly enhanced by shock
chemistry, which would explain why it forms more readily in the
higher mass-loss rate oxygen rich sources — where shocks are
expected to be more extreme — than in the low mass-loss rate
oxygen-rich sources. This also explains the trend for higher CS
abundances with higher densities seen in the S-type stars. Car-
bon stars, with their plentiful C, do not require shocks to free up
C and drive CS formation and can instead form CS in thermal
equilibrium.
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Fig. A.1.Observations (black histograms) and model results (blue lines)
for SiS towards the carbon star V1259 Ori, plotted with respect to LSR
velocity.
Appendix A: Observed lines and model plots
Appendix A.1: Observed lines
The integrated intensities of the SiS observations from the APEX
sulphur survey are listed in Table A.1 and the corresponding rms
noise levels in mK are given in Table A.2. The integrated inten-
sities and rms noise levels in mK for CS observations from the
APEX sulphur survey are given in Table A.3. The rms noise lev-
els for the stars in the S star survey are listed in Table A.4 for
the IRAM CS observations of (5 → 4) and (3 → 2), Table A.6
for the IRAM SiS observations of (5→ 4), (6→ 5), (12→ 11),
and (13 → 12), and Table A.5 for the APEX SiS (19 → 18)
observations. For the stars with detected lines, integrated inten-
sities and peak temperatures are also included. Observations of
the SiS (4 → 3) line at 72.618 GHz, carried out by the 4mm
receiver at Onsala Space Observatory (OSO), are listed in Table
A.7. Previously published supplementary observations are listed
in Table A.8.
Appendix A.2: Plots
SiS models and observations for the carbon stars are plotted in
Figures A.1, A.2, and A.3 with the same plotted for CS in Fig-
ures A.6, A.7, A.8, A.9, A.10, and A.11. The SiS model results
and observations for the M-type stars are plotted in Figures A.4
and A.5, with the same for CS plotted in A.12 and A.13. The CS
model and observations for χ Cyg, an S-type star, are plotted in
Fig. A.14.
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Fig. A.2.Observations (black histograms) and model results (blue lines)
for SiS towards the carbon star V821 Her, plotted with respect to LSR
velocity.
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Fig. A.3.Observations (black histograms) and model results (blue lines)
for SiS towards the carbon star RV Aqr, plotted with respect to LSR
velocity.
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Table A.1. Main beam integrated intensities for SiS detections from the APEX survey.
SiS 29SiS Si34S
Star 9→ 8 12→ 11 14→ 13 16→ 15 19→ 18 10→ 9 11→ 10
[K km s−1] [K km s−1] [K km s−1] [K km s−1] [K km s−1] [K km s−1] [K km s−1]
Carbon stars
R Lep x x ... x ... ... x
V1259 Ori 1.61 1.82 ... 2.03 1.78 x x
AI Vol 2.54 2.95 4.61 5.00 ... x 0.61T
X TrA ... x ... x ... ... x
II Lup ... 5.22 ... 7.78 ... ... x
V821 Her 1.66 2.39 ... 3.64 3.27 x x
U Hya ... ... ... x x ... x
RV Aqr x 0.69 ... 1.09 ... ... x
M-type stars
R Hor x ... x ... ... ... ...
IK Tau ... 3.41 4.33 ... 5.61 x x
GX Mon 0.22T 1.03 0.85 ... 1.02 x x
W Hya x ... x ... ... x x
RR Aql x x x ... x x x
V1943 Sgr x ... x ... ... x x
V1300 Aql 1.18 1.90 2.23 ... 2.33 x x
S-type stars
T Cet x x ... x ... ... x
TT Cen x ... x x x x ...
RT Sco x ... ... x ... ... x
W Aql ... 0.95 ... ... ... x ...
RZ Sgr x ... x x x x x
Notes. (T ) indicates a tentative detection; x indicates a non-detection (see Table A.2 for rms); (...) indicates lines which were not observed.
Table A.2. Rms noise in mK for a velocity resolution of 1 km s−1 for SiS observations from the APEX survey.
SiS 29SiS Si34S
Star 9→ 8 12→ 11 14→ 13 16→ 15 19→ 18 10→ 9 11→ 10
Carbon stars
R Lep 9.6 16 ... 19 ... ... 8.9
V1259 Ori 19D 14D ... 13D 18D 31 15
AI Vol 21D 16D 20D 14D ... 39 22T
X TrA ... 12 ... 14 ... ... 14
II Lup ... 9.9D ... 13D ... ... 20
V821 Her 21D 17D ... 18D 19D 29 16
U Hya ... ... ... 12 13 ... 9.0
RV Aqr 19 11D ... 19D ... ... 14
M-type stars
R Hor 12 ... 16 ... ... 19 13
IK Tau ... 15D 18D ... 18D 26 9.0
GX Mon 18T 11D 20D ... 21D 43 21
W Hya 16 ... 18 ... ... 40 20
RR Aql 21 13 19 ... 20 21 11
V1943 Sgr 16 ... 13 ... ... 15 13
V1300 Aql 14D 14D 19D ... 20D 20 13
S-type stars
T Cet 15 13 ... 11 ... ... 11
TT Cen 14 ... 16 13 17 50 ...
RT Sco 25 ... ... 11 ... ... 23
W Aql ... 14D ... ... ... 15 ...
RZ Sgr 13 ... 19 18 20 23 14
Notes. rms values given in mK at a velocity resolution of 1 km s−1. (...) indicates lines which were not observed, (D) and (T ) indicate detected or
tentatively detected lines, respectively (see Table A.1 for integrated intensities).
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Table A.3. CS detections (left) and corresponding rms noise (right) from the APEX survey.
Detections rms noise levels
CS C33S CS C33S
Star 4→ 3 6→ 5 7→ 6 6→ 5 4→ 3 6→ 5 7→ 6 6→ 5
[K km s−1] [K km s−1] [K km s−1] [K km s−1] [mK] [mK] [mK] [mK]
Carbon stars
R Lep 2.30 4.14 ... x 8.3D 18D ... 18
V1259 Ori 4.15 5.20 4.28 x 15D 11D 19D 11
AI Vol 8.42 12.84 ... x 20D 15D ... 15
X TrA 0.81 1.58 ... x 14D 14D ... 14
II Lup 21.03 29.65 ... 0.78 19D 12D ... 12T
V821 Her 6.01 10.83 9.58 x 15D 18D 21D 18
U Hya 0.17 0.19 0.42 x 8.8T 12T 13D 12
RV Aqr 4.61 6.70 ... x 14D 18D ... 18
M-type stars
R Hor x ... ... ... 12 ... ... ...
IK Tau 1.46 ... 2.57 ... 8.8D ... 29D ...
GX Mon 0.94 ... 0.71T ... 20D ... 20T ...
W Hya x ... ... ... 19 ... ... ...
RR Aql x ... x ... 11 ... 20 ...
V1943 Sgr x ... ... ... 12 ... ... ...
V1300 Aql 0.31T ... 0.48T ... 13T ... 19T ...
S-type stars
T Cet x x ... x 11 10 ... 10
TT Cen ... x x x ... 13 16 13
RT Sco x x ... x 21 9.8 ... 9.8
RZ Sgr x x x x 13 17 22 17
Notes. Left: x indicates a non-detection; (...) indicates lines which were not observed. Right: rms values given in mK at a velocity resolution of
1 km s−1. (...) indicates lines which were not observed, (D) and (T ) indicate detected or tentatively detected lines, respectively.
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Table A.4. IRAM 30m observations of CS (5→ 4) and (3→ 2) towards
S type stars.
Source Transition rms Imb Tpeak
(CS) [mK, T ∗A] [K km s
−1] [K, T ∗A]
χ Cyg (5→ 4) 36.836 4.93 0.23
(3→ 2) 32.389 2.55 0.15
AA Cyg (5→ 4) 11.639 ... ...
(3→ 2) 9.690 ... ...
AD Cyg (5→ 4) 10.588 ... ...
(3→ 2) 9.795 ... ...
RX Lac (5→ 4) 16.155 ... ...
(3→ 2) 15.322 ... ...
WY Cas (5→ 4) 14.398 ... ...
(3→ 2) 11.886 ... ...
R And (5→ 4) 13.773 1.4 ...
(3→ 2) 11.079 0.74 ...
W And (5→ 4) 17.882 ... ...
(3→ 2) 13.771 ... ...
TV Dra (5→ 4) 16.410 ... ...
(3→ 2) 12.780 ... ...
IRC-10401 (5→ 4) 31.302 ... ...
(3→ 2) 20.778 ... ...
ST Sgr (5→ 4) 19.392 ... ...
(3→ 2) 13.862 ... ...
W Aql (5→ 4) 31.641 9.0 0.20
(3→ 2) 23.270 6.9 0.20
EP Vul (5→ 4) 9.545 0.25 ...
(3→ 2) 9.205 ... ...
CSS2 41 (5→ 4) 23.547 ... ...
(3→ 2) 16.491 ... ...
RZ Peg (5→ 4) 10.691 ... ...
(3→ 2) 9.572 ... ...
V365 Cas (5→ 4) 19.618 ... ...
(3→ 2) 14.244 ... ...
S Cas (5→ 4) 20.352 6.9 0.15
(3→ 2) 14.621 2.9 0.07
T Cam (5→ 4) 13.347 ... ...
(3→ 2) 11.082 ... ...
S Lyr (5→ 4) 15.05 1.1 0.045
(3→ 2) 14.063 ... ...
ST Her (5→ 4) 16.807 ... ...
(3→ 2) 13.845 ... ...
R Cyg (5→ 4) 23.594 ... ...
(3→ 2) 19.983 ... ...
DK Vul (5→ 4) 19.357 ... ...
(3→ 2) 13.983 ... ...
V386 Cep (5→ 4) 18.576 ... ...
(3→ 2) 14.628 ... ...
AA Cam (5→ 4) 14.88 ... ...
(3→ 2) 14.28 ... ...
R Lyn (5→ 4) 7.522 a ... ...
(3→ 2) 6.538 b ... ...
Y Lyn (5→ 4) 8.362 a ... ...
(3→ 2) 6.571 b ... ...
Notes. Rms is given in units of antenna temperature at 1 km s−1 except
where specified. (a) indicates rms given at 1.2 km s−1 and (b) indicates
rms given at 2 km s−1. Peak flux, Tpeak, is also given in units of antenna
temperature, while integrated intensity, Imb, is given in units of main
beam temperature.
Table A.5. APEX observations of SiS (19→ 18) towards S type stars.
Source Transition rms Imb Tpeak
(SiS) [mK, T ∗A] [K km s
−1] [K, T ∗A]
AFGL 2425 (19→ 18) 8.266 ... ...
DY Gem (19→ 18) 5.878 ... ...
EP Vul (19→ 18) 11.777 ... ...
GI Lup (19→ 18) 7.755 ... ...
IRC-10401 (19→ 18) 6.579 0.11 0.012
R Gem (19→ 18) 7.280 ... ...
RT Sco (19→ 18) 9.301 ... ...
RZ Sgr (19→ 18) 8.283 0.10 0.010
S Lyr (19→ 18) 9.771 ... ...
ST Sco (19→ 18) 6.227 ... ...
TT Cen (19→ 18) 7.868 ... ...
W Aql (19→ 18) 23.260 1.8 0.08
Notes. Rms is given in units of antenna temperature at 1 km s−1. Peak
flux, Tpeak, is also given in units of antenna temperature, while integrated
intensity, Imb, is given in units of main beam temperature.
Table A.6. IRAM observations of SiS (5 → 4), (6 → 5), (12 → 11),
and (13→ 12) towards S type stars.
Source Transition rms Imb Tpeak
(SiS) [mK, T ∗A] [K km s
−1] [K, T ∗A]
DY Gem (5→ 4) 5.973 ... ...
(6→ 5) 7.179 ... ...
(12→ 11) 13.759 ... ...
(13→ 12) 16.150 ... ...
R And (5→ 4) 5.080 ... ...
(6→ 5) 6.476 ... ...
(12→ 11) 9.333 ... ...
(13→ 12) 14.126 ... ...
R Cyg (5→ 4) 4.772 ... ...
(6→ 5) 6.023 ... ...
(12→ 11) 8.341 ... ...
(13→ 12) 12.810 ... ...
S Cas (5→ 4) 5.436 ... ...
(6→ 5) 6.812 ... ...
(12→ 11) 11.203 0.54 0.013
(13→ 12) 16.152 1.1 0.026
W Aql (5→ 4) 5.999 0.55 0.017
(6→ 5) 7.953 0.69 0.021
(12→ 11) 12.022 2.9 0.085
(13→ 12) 18.523 3.8 0.11
WY Cas (5→ 4) 5.304 ... ...
(6→ 5) 6.528 ... ...
(12→ 11) 8.277 ... ...
(13→ 12) 12.678 ... ...
χ Cyg (5→ 4) 5.471 ... ...
(6→ 5) 6.618 ... ...
(12→ 11) 9.220 0.73 0.036
(13→ 12) 13.837 1.2 0.030
Notes. Rms is given in units of antenna temperature at 1 km s−1. Peak
flux, Tpeak, is also given in units of antenna temperature, while integrated
intensity, Imb, is given in units of main beam temperature.
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Table A.7. OSO observations of SiS (4→ 3) at 72.618 GHz
Star
∫
T ∗Adυ rms at 1km s
−1
[K km s−1] [mK]
IK Tau x 11
TX Cam x 7.2
NV Aur x 13
BX Cam 0.13T 7.0
GX Mon x 17
V1111 Oph x 10
T Cep x 12
R Cas x 8.1
Notes. (T ) indicates a tentative detection, x indicates a non-detection.
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Fig. A.4.Observations (black histograms) and model results (blue lines)
for SiS towards the oxygen-rich star IK Tau, plotted with respect to LSR
velocity.
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Fig. A.5.Observations (black histograms) and model results (blue lines)
for SiS towards the oxygen-rich star, GX Mon plotted with respect to
LSR velocity.
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Table A.8. Supplementary observations.
Star Transition Telescope Imb θ Ref.
[K km s−1] [′′]
Carbon stars
V1259 Ori SiS (6→ 5) IRAM 1.40 21 1
AI Vol SiS (10→ 9) APEX 2.7 34 2
SiS (11→ 10) APEX 3.0 31 2
SiS (19→ 18) APEX 7.7 18 3
Si34S (10→ 9) APEX 0.76 35 2
II Lup CS (7→ 6) APEX 20.3 18 3
SiS (19→ 18) APEX 3.5 18 3
V821 Her SiS (6→ 5) IRAM 1.33 21 1
RV Aqr SiS (6→ 5) IRAM 0.39 21 1
M-type stars
IK Tau SiS (5→ 4) OSO 0.32 42 5
SiS (6→ 5) IRAM 0.52 21 1
SiS (8→ 7) IRAM 7.5 17 4
GX Mon SiS (6→ 5) IRAM 1.04 21 1
V1300 Aql SiS (6→ 5) IRAM 1.53 21 1
Notes. References: (1) Danilovich et al. (2015), (2) De Beck et al (in prep), (3) APEX archive, (4) Decin et al. (2010), (5) Schöier et al. (2007)
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Fig. A.6.Observations (black histograms) and model results (blue lines)
for CS towards the carbon star V1259 Ori, plotted with respect to LSR
velocity.
Appendix B: Further discussion of modelling
We encountered some modelling issues that only pertained to a
few stars. For IRC -10401, we recalculated some key circumstel-
lar parameters, including the mass-loss rate, based on an updated
estimation of the period. For three carbon stars (V1259 Ori,
AI Vol, and II Lup) we encountered various issues when we were
modelling the molecular emission. We discuss these in detail be-
low.
Appendix B.1: IRC -10401
For IRC -10401, we recalculated the mass-loss rate based on
newly available data. When Ramstedt et al. (2009) first calcu-
lated the mass-loss rate of this S-type star, the period was not
known and they assumed L∗ = 4000 L to determine the distance
based on dust radiative transfer modelling of the spectral energy
distribution. However, now the period has been determined to
be 480 days (Kazarovets & Pastukhova 2016) and, based on the
period luminosity relation of Whitelock et al. (2008), this gives
L∗ = 7400 L, which in turn gives an updated distance of 585 pc
(larger than the previous value of 430 pc). Using these updated
parameters, we remodelled the same CO observations used by
Ramstedt et al. (2009), using the same procedure, to find an up-
dated higher mass-loss rate of 2× 10−6 M yr−1 (compared with
the earlier result of 3.5 × 10−7). This updated result is what we
base our SiS and CS models on in this work.
Appendix B.2: V1259 Ori
For V1259 Ori we have clear CS detections with high signal-
to-noise ratios that are nevertheless equally well fit by the model
listed in Table 3 and by models with significantly larger e-folding
radii, including Re > R1/2(CO) = 2.6 × 1017 cm, the half abun-
dance radius of CO. We do not expect CS to have a larger extent
than CO, which is self-shielding and has a lower photodissoca-
tion rate than CS (Heays et al. 2017). This discrepancy in mod-
elling CS is partly caused by the high optical depth of the ob-
served CS lines, which reach optical depths of 20, 40, and 50 in
the inner CSE for the (4 → 3), (6 → 5), and (7 → 6) lines, and
remain optically thick throughout most of the emitting region.
40 20 0 20
0.0
0.1
0.2
0.3
0.4
T m
b [
K]
CS
(4-3)
V821 Her
APEX
40 20 0 20
Velocity [km/s]
0.0
0.2
0.4
0.6 CS
(6-5)
V821 Her
APEX
40 20 0 20
Velocity [km/s]
0.0
0.2
0.4
T m
b [
K]
CS
(7-6)
V821 Her
APEX
Fig. A.7.Observations (black histograms) and model results (blue lines)
for CS towards the carbon star V821 Her, plotted with respect to LSR
velocity.
Fig. A.8.Observations (black histograms) and model results (blue lines)
for CS towards the carbon star R Lep, plotted with respect to LSR ve-
locity.
Fig. A.9.Observations (black histograms) and model results (blue lines)
for CS towards the carbon star RV Aqr, plotted with respect to LSR
velocity.
Our model predicts that the (1 → 0) line at 48.991 GHz would
be optically thin throughout most of the envelope (with an op-
tically thick peak in the inner CSE of only three) and is likely
to allow us to properly constrain the CS envelope size. Alter-
natively, interferometric data that resolves the CS extent would
also allow us to very precisely constrain the envelope size.
Appendix B.3: AI Vol
For AI Vol we found that the combined abundances of CS and
SiS result in a total S abundance higher than expected based on
the assumption that the solar S abundance is representative of
the local environment within ∼ 1 kpc. Summing CS and SiS
abundances, we find a total S abundance of 4.2×10−5, more than
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Fig. A.10. Observations (black histograms) and model results (blue
lines) for CS towards the carbon star U Hya, plotted with respect to
LSR velocity.
Fig. A.11. Observations (black histograms) and model results (blue
lines) for CS towards the carbon star X TrA, plotted with respect to
LSR velocity.
Fig. A.12. Observations (black histograms) and model results (blue
lines) for CS towards the oxygen-rich star GX Mon, plotted with re-
spect to LSR velocity.
one and a half times the solar abundance. However, the lower
limit of 2.6×10−5, based on our uncertainties, is equal to the solar
abundance given by Asplund et al. (2009). Since the CS model is
based on only two observed lines and has errors on the fractional
abundance in excess of 50% of the absolute value, it’s likely that
a larger dataset with higher-J observations would improve our
model results. Similarly, although we have seven lines for the
SiS model, the highest energy line is the SiS (19 → 18) with
an upper level energy of 166 K, which is not expected to be a
good probe of the inner regions of the CSE. Hence higher-J SiS
observations would also improve our SiS model.
Another possible cause for our result of an apparent sulphur
overabundance is the uncertainty in the mass-loss rate, which
is based on several input parameters, each of which have their
own uncertainty, as discussed in more detail in Danilovich et al.
Fig. A.13. Observations (black histograms) and model results (blue
lines) for CS towards the oxygen-rich star V1300 Aql, plotted with re-
spect to LSR velocity.
Fig. A.14. Observations (black histograms) and model results (blue
lines) for CS towards χ Cyg, an S-type star, plotted with respect to LSR
velocity.
(2015). For example, uncertainty in the distance would affect
the calculation of the mass-loss rate (as seen in Sect. B.1 for
IRC -10401) and hence the abundances we derive in this work.
The distance to AI Vol was originally taken from Woods et al.
(2003) who note a typical uncertainty of up to a factor of two for
their distances.
Appendix B.4: II Lup
We were unable to satisfactorily model the CS and SiS emission
towards II Lup. It was not possible to find a smoothly acceler-
ating model with a constant mass-loss rate which agreed with
the available observations for either CS or SiS. Some irregular-
ities can be tentatively seen in Fig. B.1 — and become clearer
when attempting to fit models. These have also been seen in
other molecular lines, such as CO, as discussed in more detail
in Smith (2014).
When attempting to model the data acquired in our APEX
survey and the two lines — CS (7 → 6) and SiS (19 → 18) —
retrieved from the APEX archive (see Table A.8) it was not pos-
sible to find a model which agreed with all three available lines
for CS nor for SiS. We cannot constrain the molecular envelope
size from the data, as we were able to do with most of the other
observed stars, and radii calculated from Eqs. 3 and 4 do not
give a satisfactory fit to the data. In the case of both molecules,
a model which fits the two lower-J lines well over-predicts the
higher-J line by a factor of approximately two. In the case of
SiS, the (19 → 18) is also narrower than the model prediction
by ∼ 6 km s−1, even when taking an accelerating wind into ac-
count. These characteristics are suggestive of more complex con-
ditions in the CSE than those taken into account by our models.
To properly untangle the contributions from various components
in the wind of II Lup, we require more observations of low- and
high-energy emission from II Lup, preferably including some
spatially resolved observations.
Article number, page 21 of 22
A&A proofs: manuscript no. 33317_corr
50 0 50
Velocity [km/s]
0.0
0.2
0.4
0.6
0.8
T m
b [
K]
CS
(4-3)
II Lup
APEX
50 0 50
Velocity [km/s]
0.0
0.2
0.4
0.6
0.8
1.0 CS(6-5)
II Lup
APEX
50 0 50
Velocity [km/s]
0.02
0.01
0.00
0.01
0.02
0.03 C33S(6-5)
II Lup
APEX
50 0 50
Velocity [km/s]
0.00
0.05
0.10
0.15
SiS
(12-11)
II Lup
APEX
50 0 50
Velocity [km/s]
0.05
0.00
0.05
0.10
0.15
0.20
0.25 SiS
(16-15)
II Lup
APEX
Fig. B.1. Observations of CS and SiS towards II Lup, plotted with respect to LSR velocity.
Fig. C.1.Observations (black histograms) and model results (blue lines)
for Si34S towards AI Vol, plotted with respect to LSR velocity.
Appendix C: Isotopologues
As noted in Tables A.1 and A.3, in addition to the main isotopo-
logues, our observations also covered a line from each of 29Si32S,
28Si34S, and 13C33S. Of these, we only tentatively detected one
28Si34S line, towards AI Vol (for which another 28Si34S line
was also available, see Table A.8), and one 13C33S line towards
II Lup.
To model the 28Si34S emission towards AI Vol, we used a
molecular data file constructed equivalently to the main isotopo-
logue, with the same quantum-numbered energy levels and ra-
diative transitions included. The same collisional rates were used
as for the main isotopologue (see Sect. 3.2). We adopted the Re
found for the main isotopologue as a fixed parameter, and varied
the peak abundance, f0, to find a model that fit the isotopologue
lines. The data and best-fitting model are plotted in Fig. C.1. We
find a peak Si34S abundance of (2.1+1.9−1.6) × 10−6. Our result gives
an Si32S/Si34S of 11.4±10.3, smaller than the solar system value
for 32S/34S of 22.1 (Asplund et al. 2009).
For II Lup we could not reliably model 12C33S due to the
problems we had modelling 12C32S (discussed further in Sect.
B.4). The observed isotopologue line is plotted in Fig. B.1.
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